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Summary 

An experimental investigation of the in-ground- 
effect aerodynamic characteristics and predicted 
landing- ground-roll performance of a wing-canard 
fighter configuration with a secondary-nozzle thrust 
reverser has been completed. These tests were con- 
ducted in the Langley 14- by 22-Foot Subsonic Wind 
Tunnel with a model equipped with a pneumatic jet 
for thrust simulation of nozzle pressure ratios up to 
4.0. The model was tested in the landing roll-out con- 
figuration at approximately wheel touchdown height 
for decreasing dynamic pressures from 50 to 10 psf. 
Landing- ground- roll predictions of the configuration 
were calculated from the wind-tunnel results. 

The results from this investigation indicated the 
secondary-nozzle thrust reverser is a viable con- 
cept, although it appears to suffer from some of the 
same disadvantages as conventional thrust reversers. 
However, the secondary-nozzle thrust reverser has 
some unique advantages, including integration with 
a high-lift system, short delay times, potentially re- 
duced rudder deterioration, and reduced possibility 
of reingestion and foreign-object damage. 

Introduction 

The design of contemporary high-performance 
jet-powered aircraft has been directed toward high- 
speed-cruising flight, maneuvering, and acceleration. 
These design goals generally lead to aircraft config- 
urations which exhibit much better takeoff perfor- 
mance than landing performance. Because of their 
high thrust-to-weight ratios these aircraft can take 
advantage of good acceleration to become airborne 
in as little as 1000 ft. However, because of a lim- 
ited high-lift capability, they must approach and 
land at relatively high speeds and generally require 
2500 to 3000 ft of ground roll with maximum wheel 
braking after touchdown. If these aircraft could 
take advantage of their high thrust both to reduce 
their approach velocity through increased lift and 
to improve deceleration after touchdown by using 
thrust reversers, they could greatly improve their ap- 
proach and landing performance without compromis- 
ing their high-speed-cruise and maneuver design. 

The need for aircraft capable of short takeoff 
and landing (STOL) operations has led to research 
on both thrust reversers and high-lift systems such 
as mechanical flaps, thrust vectoring, and thrust- 
induced lift. One problem area in the use of thrust 
reversers is the relatively long time required to in- 
crease engine thrust from low approach thrust levels 
to the high thrust levels needed to produce effective 
reverse thrust. One solution to this problem has been 
the development of multifunction nozzles which can 
partially spoil thrust during the landing approach to 


give the proper low levels of net thrust needed for 
glide-path control while allowing the engines to be 
set at high thrust levels. Then the only delay from 
touchdown to full reverse thrust is the time for me- 
chanical devices to vector the thrust forward (about 
1 sec). This could greatly reduce landing ground 
rolls, particularly under those conditions when wheel 
braking would be ineffective. If a configuration could 
use some or all of the thrust to improve high-lift capa- 
bility rather than just to spoil excess thrust, then ap- 
proach velocities could also be reduced, a result lead- 
ing to further reductions in landing ground roll. The 
addition of complex multifunction nozzles and high- 
lift systems, however, can add significantly to the 
gross weight of an aircraft, and a desire to minimize 
this weight penalty has led to the idea of combin- 
ing the high-lift, thrust-spoiling, and reverse-thrust 
functions into one nozzle concept. 

Such a nozzle configuration has emerged out of a 
research program at the NASA Langley Research 
Center (LaRC) investigating various types of 
spanwise-blowing (SWB) high-lift concepts (ref. 1) 
and thrust- reverser concepts (ref. 2). One of the 
SWB concepts that appears promising, underwing 
spanwise blowing, diverts exhaust flow out the side 
of the engine nacelle through a secondary nozzle such 
that the spanwise jet mixes with the free-stream 
flow, turns downstream, and is deflected down by the 
trailing-edge flap. This concept produces high lift in 
a manner similar to an externally blown flap (EBF) 
without requiring wing-py Ion- mounted engines ex- 
hausting directly onto the flap system. The inves- 
tigation showed that significant levels of lift (approx- 
imately 20 percent of total configuration lift) could 
be generated if a large portion of the exhaust flow 
was diverted approximately parallel to the flap hinge 
line by the secondary nozzle (refs. 1 and 3). This con- 
cept, shown on a wing-canard fighter model in figures 
1 and 2, uses a series of vanes to provide flow turn- 
ing through the secondary nozzle, called a cascade, 
located on the underwing-mounted engines. 

A promising thrust-spoiling and thrust-reversing 
concept which was also developed at LaRC is the 
rotating- vane thrust reverser described in reference 2. 
This nozzle is located upstream of the main nozzle 
throat and consists of a set of movable vanes to pro- 
vide thrust vectoring from 45° aft to 45° forward 
(or reverse thrust). Thus, during approach, with the 
main nozzle blocked and the engine set to military or 
maximum dry power, the vanes are moved to provide 
the low level of net thrust needed for glide- path con- 
trol while spoiling the majority of the high thrust pro- 
duced by the engine operating at high power. Upon 
touchdown the vanes are rotated forward rapidly to 
give full reverse thrust. 


The idea emerged that the rotating- vane nozzle 
concept could provide both spanwise blowing and 
reverse thrust if it were mounted horizontally like 
the cascade nozzle (ref. 4). This idea is appealing 
not only because a powered high-lift concept is in- 
tegrated with a thrust- reverser concept, but also be- 
cause the thrust-reverser plume is directed horizon- 
tally instead of vertically. The flow does not impinge 
on the ground plane, thereby reducing the problem 
of reingestion of exhaust gases, adverse aerodynamic 
effects, and the possiblity of foreign- object damage 
(FOD). In addition, the reversed flow blowing un- 
der the wing suggests the possibility of down loads 
(suckdown) which can increase braking forces to re- 
duce ground roll further. 

The only thrust reverser presently used on a 
fighter configuration is the bucket-type reverser (e.g., 
on the Panavia Tornado, ref. 5). These reversers 
deploy a turning “bucket” just aft of the exhaust 
nozzle to turn the flow forward. Normally the thrust 
vector is close to the longitudinal axis, although 
most reversers of this type “splay” or turn the flow 
somewhat to the side to avoid reingestion and loss 
of rudder control at high velocities. This splay angle 
is usually kept as small as possible so performance 
does not decrease below acceptable levels. A rule of 
thumb for good thrust-reverser performance is that 
the thrust reverser should obtain reverse-thrust levels 
of at least 50 percent of maximum dry thrust. 

The bucket-type reverser is fairly simple in de- 
sign and activation, and it has its advantages and 
disadvantages. Disadvantages of this design include 
a relatively long deployment time after touchdown 
(approximately 2 sec), a loss of directional stabil- 
ity (which was eventually improved on the Tornado) 
coupled with a decrease in rudder power, a reinges- 
tion velocity of approximately 40 knots, and yawing- 
moment asymmetries. 

A conceptual advanced configuration employing 
secondary nozzles for both underwing spanwise blow- 
ing and thrust reversing is shown in figure 3. The 
configuration is also shown with a blown high-lift ca- 
nard, which proved to be a powerful pitch-trim de- 
vice for this configuration (ref. 6). The buildup of the 
longitudinal aerodynamics for such a configuration is 
shown in figure 4. At an approach angle of attack of 
14°, the configuration could generate a trimmed lift 
coefficient of nearly 1.5 while maintaining a nominal 
3° glide slope. The approach aerodynamics presented 
in figure 4 display a margin of available pitching mo- 
ment for pitch control above that required for trim. 
Unloading the canard to obtain pitch trim results in 
a nearly equal increase in lift on the wing behind 
the canard. Because of this increase, the trimmed 
lift coefficient is much the same as the untrimmed 


lift coefficient depicted in figure 4. Upon touchdown, 
without reducing thrust, the secondary nozzles could 
rotate forward and provide reverse thrust. 

An investigation to determine experimentally the 
validity of such a thrust-reverser concept and to 
determine parametrically the effects of blowing angle, 
thrust (i.e., nozzle pressure ratio), sideslip angle, and 
flap deflection was conducted in the Langley 14- by 
22-Foot Subsonic Tunnel. In addition, predicted 
performance benefits in terms of landing ground 
roll for a hypothetical full-scale configuration were 
calculated from the wind-tunnel results. 

Symbols 

All data have been reduced to coefficient form. 
Longitudinal data are presented in the stability-axis 
system, and lateral-directional data are presented 
in the body-axis system. The in-ground-effect data 
were all obtained at an angle of attack of 0° ; therefore 
the body axis and wind-tunnel stability axis are 
collocated for these data. The moment reference 
center (MRC) for these data was located at F.S. 
80.53, B.L. 0, and W.L. 0 (fig. 1(b)). The symbol 
used in computer- generated figures, where different, 
is given in parentheses after the usual symbol. 


A 

aspect ratio, b 2 /S 

a 

acceleration, ft/sec 2 

b 

span, ft 

C A 

axial- force coefficient, 
Fa/ QooS 

Cd 

drag coefficient, 

C a cos a -h Cjy sin a 

C L 

lift coefficient, 

Cjy cos a — Ca sin a 

Cl 

rolling-moment coefficient, 
Mx/qooSb 

Cm 

pitching-moment coefficient, 
My/qooSc 

C N 

normal-force coefficient, 
/ *?oo S 

C n 

yawing-moment coefficient, 
Mz/qooSb 

Cy 

(Cy) side-force coefficient, 

Fy/qooS 

c 

local chord, in 

c 

wing mean aerodynamic chord, 
ft 
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D 

F 

Fa 

Fn 

F x 

Fy 

9 

h 

L 

M X 

My 

M Z 

m 

NPR 

Pt,j 

Poo 

q 

Qoc 

s 

t 

t/c 

V 

Vg 

X 

Xg 

W 

a 

0 

7 

A 

*/ 

A c 

M 


drag, lbf 
force, lbf 
axial force, lbf 
normal force, lbf 
braking force, lbf 
side force, lbf 

gravitational constant, 

32.2 ft/sec 2 

height above tunnel floor 
(measured from MRC), ft 

lift, lbf 

rolling moment, ft-lbf 
pitching moment, ft-lbf 
yawing moment, ft-lbf 
mass, slug 

nozzle pressure ratio, Ptj/poc 

nozzle total pressure, psf 

free-stream static pressure, psf 

dynamic pressure, psf 

free-stream dynamic pressure, 
psf 

wing planform area, ft 2 
time, sec 

local wing thickness ratio 
velocity, knots 
ground velocity, knots 
distance, ft 

total ground roll distance, ft 

weight, lbf 

angle of attack, deg 

sideslip angle, deg 

flight-path angle, deg 

difference between 
coefficient data 

flap deflection angle, deg 

cascade vector angle, deg 

braking-friction 

coefficient 


Subscripts: 

app 

/ 

j 

l 

n 

net 

Abbreviations: 

B.L. 

F.S. 

W.L. 


approach condition 
final condition 
index of summation 
landing condition 
final index of summation 
total or net 

butt line, in. 
fuselage station, in. 
waterline, in. 


Model Description and Test Conditions 

The model (shown in fig. 1) tested in the Lang- 
ley 14- by 22-Foot Subsonic Tunnel was a general 
research, swept wing-canard fighter configuration 
modified to accommodate the necessary features 
to investigate underwing spanwise blowing (refs. 1 
and 3). Details of the model geometry are pre- 
sented in table I. To test the secondary nozzles as 
thrust-reverser devices it was necessary to modify 
the cascades to allow forward as well as aft blow- 
ing angles. The features of the model included un- 
derwing engine nacelles, a nearly full-span slotted 
flap, and two-dimensional convergent- divergent (2-D 
C-D) vectoring primary nozzles. Although the pri- 
mary nozzle could be set at either 0° or 45°, it was 
unvectored (0°) for this investigation. The exhaust 
area of the secondary cascade nozzles was 60 percent 
of the primary nozzle, and vector angles of 0°, —30°, 
and —45° measured perpendicular to the longitudi- 
nal axis were investigated in the landing mode (i.e., 
the primary nozzle was blocked and unvectored dur- 
ing this current investigation). Negative angles refer 
to reverse thrust, with the nozzles angled forward. 
The configuration with a vector angle of 0° was not 
a thrust-reverser configuration but was investigated 
to note any adverse effects that would be generated 
as the powered cascade nozzles were rotated forward 
to their reverse- thrust configuration from their aft 
approach configuration. The canard incidence angle 
was set at 0° relative to the longitudinal axis and was 
not varied during these tests. With the method de- 
scribed in reference 7, boundary-layer transition was 
fixed at 5 percent of the local chord on the wing and 
canard and at 1 in. aft of the nose. 

The exhaust flow was simulated with high- 
pressure air fed to the model plenum through a 
NASA air sting. The effects of mechanical bridging 
of the balance as well as of pressure and momentum 
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(mass-flow) tares were included in the corrections to 
the balance outputs. 

Other model instrumentation included an inter- 
nally mounted accelerometer, for measuring angle of 
attack, and pressure transducers for measuring noz- 
zle and piping pressures to calculate pressure ratios 
and mass flows. 

Test Conditions 

The model was tested at an angle of attack of 0° 
at a height-to-span ratio h/b of 0.21 (height- to-chord 
ratio of 0.53). The free-stream dynamic pressure ^oo 
was varied from 50 to 10 psf to simulate slowing 
during the landing ground roll. The tunnel floor 
boundary layer was removed at the beginning of the 
test section with a boundary-layer suction system. 
The secondary nozzles were run at nozzle pressure 
ratios of 2.0, 3.0, and 4.0. A nozzle pressure ratio 
(NPR) of 3.0 is considered a nominal engine setting 
(full dry thrust) and NPR’s of 2.0 and 4.0 were tested 
to bracket the nominal value. Sideslip angles of 5° 
and 10° were tested in addition to 0° to simulate 
crosswind conditions. Only force and moment data 
were obtained during this investigation (no pressure 
or flow visualization data). Table II summarizes the 
configurations and conditions tested. 

The model was tested statically ( q ^ = 0 and 
NPR > 1.0, see table III) out of ground effect prior 
to the wind-on in-ground-effect runs. This was done 
in order to balance the flow, left and right, because of 
any misalignment of the cascades or any imbalance 
in the internal flow. Since it was not possible to 
perfectly balance the flow, minor misalignments and 
imbalances still existed for some conditions. 

Presentation of Results 

The dynamic pressure was varied for each config- 
uration and condition to simulate the aircraft slowing 
down during roll-out, and the data are presented in 
coefficient form plotted against free-stream dynamic 
pressure to reflect these conditions. The power 
was set by nozzle pressure ratio (NPR) which, un- 
like thrust coefficient, is nearly constant as dynamic 
pressure is varied at relatively low speed and high 
power settings. Since the coefficients are nondimen- 
sionalized by dynamic pressure, a constant force or 
moment in coefficient form would be characterized 
as varying hyperbolically with free-stream dynamic 
pressure (increasing with decreasing free-stream dy- 
namic pressure), with the axes as asymptotes. For 
example, total drag is dominated by direct-thrust 
effects during thrust-reverser operations; therefore, 
its coefficient should vary nearly hyperbolically with 
free-stream dynamic pressure. Other characteristics 


are dominated by aerodynamic and thrust-induced 
effects, so their coefficients would not be expected 
to vary hyperbolically with free-stream dynamic 
pressure. 

All the data from this investigation are presented 
as follows, although not every part of each figure is 
specifically discussed in the analysis: 

Figure 


Effects of cascade vector angle 

on aerodynamic characteristics 5 

Effects of nozzle pressure ratio 

on aerodynamic characteristics 6 

Effects of flap deflection on 

aerodynamic characteristics 7 

Effects of sideslip angle on 

aerodynamic characteristics 8 

Effect of ground velocity on 

braking-friction coefficient 9 

Predicted landing ground roll at 
various approach lift coefficients 
for different thrust-reverser and 
flap settings 10 


Discussion of Experimental Results 

Drag (the sum of aerodynamic forces and reverse 
thrust and equal to resultant axial force since the 
aircraft is at a = 0°) is of primary importance in 
the determination of the performance of a thrust re- 
verser. However, the effect of the thrust-reverser flow 
on the other aerodynamic characteristics of the ve- 
hicle can be extremely important because of atten- 
dant performance gains or losses. For example, posi- 
tive lift would decrease the effective normal force on 
the main landing gear and reduce braking effective- 
ness, whereas negative lift would have the opposite 
effect. Additionally, there may be large changes in 
the lateral-directional characteristics of the vehicle 
in ground contact. For example, large yawing mo- 
ments and inadequate nose-wheel control on a wet 
or icy runway could create a situation in which an 
aircraft could depart the runway at high speed. 

Effects of Cascade Vector Angle 

The effects of cascade vector angle on longitudinal 
and lateral-directional aerodynamics are presented in 
figure 5. As would be expected, in all cases deflecting 
the cascade vector angle farther forward (A c = —30° 
and —45°) results in an increase in drag because of 
the larger component of thrust in the axial direc- 
tion. As mentioned, the drag coefficients increase 
hyperbolically with decreasing free-stream dynamic 


4 



pressure, while the actual levels of drag (CnqooS) 
for A c = —30° and —45° remain nearly constant as 
the free-stream dynamic pressure decreases. This is 
because the dominant force is due to direct thrust. 
Although nothing unexpected is seen in the drag co- 
efficient behavior for A c = -30° and -45°, when 
A c = 0° (blowing perpendicular to the body under 
the wing) the spanwise-blowing flow induces loads 
that are probably not due to direct thrust, since the 
direct-thrust component should cancel out. For ex- 
ample, when the flaps are undeflected and A c = 0° 
(figs. 5(a) to 5(i)), Cn increases slightly as the free- 
stream dynamic pressure is reduced since little or no 
net thrust is present. However, when A c = 0° and 
6f = 26° (figs. 5(j) to 5(m)), Cjq decreases with re- 
ducing free-stream dynamic pressure, starting near 
zero and becoming negative, an indication of positive 
thrust. This is accompanied by a reduction in lift and 
a resultant increase in pitching moment, an indica- 
tion that the flap downwash may be pulling the jet 
slightly aft and creating a suction on the underside 
of the flap. The model was tested with q 0 0 = 0, out 
of ground effect, to ensure there was no major mis- 
alignment of the cascade nozzles. Since the A c = 0° 
condition would be transient (in going from the ap- 
proach to the landing configuration) and would occur 
only at relatively high dynamic pressures (at the be- 
ginning of the ground roll), this jet effect does not 
appear to be a major operational concern. 

The magnitudes of lift and pitching moment are 
different for A c = —30° and —45° because of different 
levels of direct thrust, but they show similar trends, 
an indication that the thrust-induced effects do not 
change significantly with cascade deflection between 
A c = —30° and —45°. The jet is located behind and 
slightly below moment center; therefore the direct- 
thrust effects would induce a nose-down pitching mo- 
ment. The geometry of the flow is much different for 
A c = 0° compared with that for either A c = —30° or 
A c = —45°. For A c =0°, the jet blows directly along 
the underside of the wing and it therefore has much 
different aerodynamic characteristics. Although the 
flow fields for both A c = —30° and A c = —45° are 
dominated by direct-thrust effects, the flow field for 
A c = 0° is dominated by thrust- induced effects. As 
free-stream dynamic pressure is reduced there is a 
small reduction and a subsequent increase in lift for 
A c = —30° and -45° ; for A c = 0° there is a constant 
reduction of Cl as free-stream dynamic pressure de- 
creases. Except for the level of lift lost this trend is 
similar for all conditions (figs. 5(a) to 5(m)), includ- 
ing the cases with flaps deflected (6f = 26°). The lift 
loss is due to the jet creating a low-pressure region 
under the wing often referred to as suckdown. The 
major differences between thrust- induced effects and 


direct- thrust effects include more suckdown, nose- 
up pitching moment, and comparatively little drag 
change. For A c = 0° most of the Cn changes are 
due to thrust- induced effects. The thrust-induced 
pitching-moment characteristics, for the most part, 
are what would be expected with thrust-induced lift 
(positive or negative) being generated behind the mo- 
ment reference center. 

In general, increasing the cascade vector angle 
from A c — 0° to —30° has some effect on the lateral- 
directional characteristics. However, increasing from 
A c — —30° to —45° generally causes few additional 
effects. There are many exceptions to these generali- 
ties, mainly because of asymmetries in the flow field. 
Ideally, the geometric symmetry of the model should 
produce a symmetric flow field and there should be 
no effect on lateral-directional characteristics from 
any model or flow condition except for sideslip an- 
gle. However, this is not the case and asymmetries 
are present in the data. Many of these asymmetries 
can be accounted for by the presence of slight differ- 
ences in thrust (cascade vector angle or NPR) from 
one side to the other. These asymmetries show up as 
small changes in side force Cy and yawing moment 
C n which get larger as free-stream dynamic pressure 
is decreased, and since they are dominated by direct 
thrust they should vary nearly hyperbolically. Other 
asymmetries cannot be attributed to variations in di- 
rect thrust. These asymmetries tend to show up as 
changes in rolling moment C/, changes in side force 
Cy without a corresponding change in yawing mo- 
ment C n due to the moment arm, or changes in yaw- 
ing moment without a change in side force. The 
causes of these asymmetries are sometimes difficult 
to locate and are most likely due to thrust-induced 
effects and uneven flow attachment to the model sur- 
faces. These types of asymmetries also tend to show 
up as large deviations from a trend and usually occur 
only for a specific set of conditions. 

Effects of Nozzle Pressure Ratio 

The effects of nozzle pressure ratio on the longi- 
tudinal and lateral-directional aerodynamics are pre- 
sented in figure 6. As would be expected, for ei- 
ther A c = —30° or A c = —45° an increase in nozzle 
pressure ratio results in a significant increase in Cn 
for all dynamic pressures. In every case for which 
A c = —30° or —45° (figs. 6(a), 6(b), 6(d), 6(e), 
6(g), 6(h), 6(j), and 6(k)) the trends for both Cl 
and C m are different for NPR = 2.0 than those for 
NPR = 3.0 and NPR = 4.0. The plume of a nozzle 
operating at NPR = 3.0 is more completely devel- 
oped than that of a nozzle at NPR = 2.0, but it does 
not develop much more in going to NPR = 4.0 from 
NPR = 3.0. This results because at NPR = 2.0 the 
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nozzle is just choked (should be choked at NPR = 
1.9) and probably has local regions where the flow is 
subcritical (below choked condition). At NPR > 3.0 
the entire nozzle exit is most likely choked and the 
plume is probably overexpanded. This difference in 
the plume could cause the configuration operating at 
NPR = 2.0 to have different thrust- induced effects 
than those for the nozzle operating at NPR > 3.0. 
For A c = 0° (figs. 6(c), 6(f), 6(i), and 6(1)) a change 
in NPR has nearly no effect on C#, although it has 
a marked effect on Cl and C m . As discussed pre- 
viously, the jet is blowing directly under the wing 
perpendicular to the longitudinal axis, so the major 
effect is expected to be a lift loss (suckdown) and no 
significant force in the axial direction. The lift loss is 
greatest for higher NPR’s and lower free-stream dy- 
namic pressures. At lower free-stream dynamic pres- 
sures the curves tend to converge (AC) ^ 0). With 
A c — —30° and -45° significant suckdown is also ex- 
perienced, although it is generally not quite as strong 
nor as dependent on NPR as that for A c =0°, appar- 
ently because less flow is interacting with the wing. 
The reverse-thrust cases (A c = —30° and —45°) also 
experience less of an effect on lift loss at lower free- 
stream dynamic pressures because of changing NPR. 
This occurs because at higher NPR’s and lower free- 
stream dynamic pressures the jet travels well beyond 
the wing before it decays sufficiently to be turned 
outboard by the free stream. At higher free-stream 
dynamic pressures and lower NPR’s the flow is more 
likely to be turned outboard by the free stream ear- 
lier and therefore interacts with a larger portion of 
the wing. 

The effect of NPR on the lateral-directional aero- 
dynamics is in general to magnify, with increasing 
NPR, any asymmetries present because of thrust 
level or thrust vector, although there are many ex- 
ceptions which do not follow any obvious pattern. 
For example, for A c =. —45° and 8j = 0° (fig. 6(a)) 
Ci « 0 at both NPR = 2.0 and NPR = 4.0 between 
<7oo = 50 and 20 psf, but C) ps —0.02 at NPR = 3.0 
for < 7 oo = 50 psf. All three power settings (NPR = 
2.0, 3.0, and 4.0) result in C) collapsing to about 0.01 
(A Ci & 0) at <joo = 10 psf. Side force is also signifi- 
cantly different for NPR = 3.0 than it is for NPR = 
2.0 or 4.0. It is unexpected that both the high and 
the low NPR’s would show similar trends and that 
the intermediate NPR would show such an anomaly. 
The most likely hypothesis for such a phenomenon is 
that with the lower power setting the jet flow on both 
wings is attached, at the higher setting the flow on 
both is completely detached, and at the intermediate 
setting the flow on one wing is attached and not on 
the other. For 6f = 26° with A c = —45° (fig. 6(j)) 
the same anomaly is not present at NPR = 3.0 and 


there is a lower level of asymmetry, probably because 
of inhibiting flow entrainment under the wings. 

Effects of Flap Deflection 

The effects of flap deflection on longitudinal and 
lateral- directional aerodynamic characteristics are 
presented in figure 7. In general the effect of flap 
deflection on drag is very small (slightly more drag, 
A Cd < 0.05, with flaps deflected) for A c = —30° 
and —45°. For A c = 0° (figs. 7(j) to 7(m)), however, 
the flap effect on drag is significant. With the flaps 
retracted (6j = 0°) and A c = 0° the drag level for 
all NPR’s is fairly constant ( Cp = 0.1), but with the 
flaps deflected (8f = 26°) Cp < 0 (thrust) for ev- 
ery NPR, with increasingly larger negative values as 
free-stream dynamic pressure decreases. The effect 
is nearly identical for every NPR. 

In general the effect of flap deflection on the 
longitudinal aerodynamics for A c = —30° or —45° 
results from the reduction or elimination of the flow 
entrainment caused by the jet, in addition to the 
classic effects of the flap itself without the jet. The 
increases in C/), C^, and negative C m with the 
flaps deflected can be predominantly explained as 
the effect of a flap alone, without the presence of 
the jet. The lift levels for A c = —30° and —45° 
are also increased with flaps extended. (With the 
flaps deflected the lift is generally positive, and it 
is negative with the flaps retracted.) This effect 
would be expected from the flaps alone (without 
the thrust-reverser flow), with the recognition that 
with the flaps deflected, flow entrainment, which is 
at least partially responsible for the suckdown effect, 
is inhibited. In general the pitching-moment changes 
can be attributed to the changes of the wing lift 
vector, which is behind the moment reference center. 

The effect of flap deflection on the lateral- 
directional characteristics is small in many cases, but 
it does lessen many severe asymmetries as previously 
observed. For example, when A c = 0° (figs. 7(j) to 
7(m)) with the flaps undeflected, the configurations 
generate large yawing moments and side forces that 
are reduced with flap deflection in all cases except 
NPR = 2.0 (fig. 7(m)), for which the forces and mo- 
ments are in the opposite directions. Again this is 
most likely a result of inhibited flow entrainment un- 
der the wings. 

Effects of Sideslip Angle 

The effects of sideslip angle on the longitudinal 
and lateral-directional aerodynamic characteristics 
are presented in figure 8. The effect of sideslip an- 
gle on the longitudinal characteristics is minor or in- 
significant; however, it is significant for the lateral- 
directional characteristics, as expected. For every 
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case an increase in sideslip angle creates an increase 
in negative side force, which is expected without 
the presence of the jet effects. The correspond- 
ing yawing-moment changes are relatively small, but 
since this model had a large amount of side area well 
forward of the moment reference center, this would 
be expected to partially counteract the dominant ef- 
fect of the tail. Rolling-moment changes with sideslip 
angle, which are fairly significant, can be partially ex- 
plained by the 50° leading-edge sweep. The upwind 
wing on a swept-wing aircraft in a sideslip has its 
effective sweep angle reduced by the sideslip angle, 
and this reduction increases the normal free-stream 
component and therefore increases its lift (dihedral 
effect). The opposite effect is experienced by the 
downwind wing. Another factor is the effect of the 
jet in a sideslip and its effect on the wing, and these 
effects are also expected to be different for the up- 
wind and downwind wings. The jet on the leeward 
side would experience lower resistance (lower effec- 
tive dynamic pressure) than that on the windward 
side. This lower resistance would promote more flow 
entrainment on the leeward side than on the wind- 
ward side. Sideslip would also cause the windward jet 
to decay faster since it would be experiencing more 
resistance. In general, at higher free-stream dynamic 
pressure the effects of sideslip angle are as expected. 
That is, a sideslip angle usually generates a side force 
in the direction of the sideslip (i.e., nose left, positive 
sideslip angle /?, generates a side force to the left), a 
restoring yawing moment (i.e., nose left generates a 
yawing moment to the right), and a rolling moment 
away from the relative wind (i.e., nose left gener- 
ates a rolling moment to the left (dihedral effect)). 
Since each of these effects have different results and 
each is present to some degree, it is not always pos- 
sible to know which phenomenon is dominant. Be- 
cause at lower free-stream dynamic pressures the jet- 
induced aerodynamic loads are dominant over the 
free-stream-induced aerodynamic loads, it would not 
be surprising that more unusual changes in lateral- 
directional characteristics are observed at lower free- 
stream dynamic pressures than at higher ones. 

In general, most of the effects of sideslip are 
as mentioned. One exception to this generality is 
the case of apparent flow attachment. These flow- 
attachment asymmetries normally show up in rolling 
moment. One probable example of such a flow- 
attachment problem is shown in the rolling-moment 
characteristics for A c = —30° and 6f = 26° (fig. 8(1)). 
Between <?oo = 50 and 30 psf the rolling- moment 
coefficient remains nearly constant and the effect of 
sideslip (/? = 10°) is in the direction expected. At 
f3 = 10° and q Q 0 — 20 psf, Cj —0.037, whereas 
at 0 = 0° and qoo = 20 psf, Q ^ —0.008. At 


Qoo = 10 psf, both curves (/? = 0° and 10°) converge 

(A Ci ~ 0). 

Prediction of Landing Ground Roll 

Landing ground roll was predicted with the 
method described in the appendix. It is assumed that 
a thrust reverser was installed on a conceptual full- 
scale configuration of the wind-tunnel model (i.e., 
model data scaled up). The following assumptions 
were also made: (1) the aircraft incorporated a high- 
lift system with the same secondary nozzles; (2) a 
1-sec delay time was used to rotate the nozzles from 
the approach condition to the thrust- reverser condi- 
tion; (3) the braking-friction coefficient varied with 
forward velocity at a magnitude typically produced 
by an antiskid braking system on this class of aircraft 
(fig. 9); (4) the braking system had a 2-sec time de- 
lay; and (5) the thrust reverser was deployed down 
to a slow taxi speed (Vf & 5 knots). 

Figure 10 presents the predicted landing ground 
roll x g as a function of approach lift coefficient C l app 
for typical dry, wet, and icy (assumed no wheel brak- 
ing available) runway conditions. The calculations 
in each figure are based on an average wing load- 
ing W/S of 40.0 psf, a landing weight of 20000 lb, 
the throttle at full military power (NPR = 3.0), 
and the typical delay times mentioned previously. 
Aerodynamic characteristics (Cp and Cl) with the 
thrust reverser operating were obtained from the 
wind-tunnel data. With a dry runway condition the 
differences with cascade vector angle and flap deflec- 
tion are minimal. This is because wheel braking is 
very effective under these conditions. When braking 
effectiveness is diminished (wet and icy conditions), 
the A c = —45° reverser dominates. This is because it 
provides more thrust reversing (higher Cp), but less 
suckdown, as the brakes become ineffective. In all 
cases the flaps being deflected or retracted (<5y = 26° 
or 0°) has little impact on reduction of the landing 
ground roll at a constant approach lift coefficient. 
Increasing the approach lift coefficient (i.e., reduc- 
ing touchdown velocity) from 0.8 to 2.5 reduces the 
landing ground roll approximately 50 percent. The 
variations in ground roll noticeable at lower approach 
lift coefficients are due to the delay times (modeled 
as step functions) for reverser deployment and brake 
actuation becoming more influential (i.e., more or 
less ground roll prior to reverser deployment or brake 
actuation) . 

Summary of Results 

There are many things to be considered when 
evaluating a thrust reverser. A rule of thumb for 
evaluation is that if a thrust reverser can obtain 
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reverse-thrust levels in excess of 50 percent of maxi- 
mum dry power, it may be a viable concept. 

Stability and control considerations must also be 
taken into account when performance is evaluated, 
and things such as reingestion and the probability 
of foreign-object damage are important. (Tests have 
shown that normally the velocity at which foreign- 
object damage becomes a problem is less than that 
for reingestion (ref. 6).) 

The thrust reverser evaluated in this investigation 
has not been used on a test aircraft, but its charac- 
teristics can be predicted from wind-tunnel results. 
Deployment time would be quick if the engines are 
at high power during the approach, as would be the 
case if the associated high- lift system is used, so some 
reverse thrust would be available as soon as the vec- 
tor angle is forward of perpendicular (A c < 0°). Al- 
though no flow visualization was done during this 
investigation, with the flow blowing in the geometry 
tested and not striking the ground plane, reingestion 
should be minimized and the possibility of foreign- 
object damage should be very small. A thrust re- 
verser of this type would be able to deploy routinely 
down to taxi speed, whereas a bucket-type thrust re- 
verser would only be deployed at such low speeds 
in emergencies. This concept, however, appears to 
suffer from some of the same disadvantages as the 
bucket-type thrust reverser, namely a loss of direc- 
tional stability and yawing-moment asymmetries. In 
addition, it suffers from rolling-moment asymmetries 
and other possible flow-attachment problems. (Early 
bucket-type thrust reversers, such as those discussed 
in ref. 6, also suffered from this but were eventually 
corrected.) However, the thrust reverser investigated 
herein may have the additional advantage of some 
modest suckdown, which would increase the brak- 
ing effectiveness, and it could use differential vec- 
tor angles to contol yaw. The thrust-reverser flow 
is nowhere near the rudder, so it is improbable that 
rudder effectiveness would be degraded by its use. 
The thrust reverser with A c = —45° would be able to 
turn up to 71 percent of the flow, and with A c = —30° 
the reverser could turn up to 50 percent of the flow. 
These values would be reduced somewhat when turn- 
ing losses are considered. 


Conclusions 

An experimental investigation on the viability of a 
thrust-reverser concept employing dual-function sec- 
ondary nozzles has been completed, and the following 
conclusions summarize the results: 

1. The secondary cascade nozzles (cascade vec- 
tor angle A c = —45° and —30°) are capable of gener- 
ating a sufficient and nearly constant level of reverse 
thrust from free-stream dynamic pressures of 50 to 
10 psf. 

2. Longitudinal interactions for A c = —45° and 
—30° include modest suckdown with some nose-up 
pitching moment without flaps deflected. With flaps 
deflected (26°) some positive lift is generated and 
is accompanied by a nose-down pitching moment. 
With A c = 0°, which would be a transient condi- 
tion between the approach cascade vector angles and 
the thrust-reversing cascade vector angles, the ma- 
jor longitudinal interactions are an increase in suck- 
down compared with A c = —30° and —45° at lower 
free-stream dynamic pressures, a slight decrease in 
drag becoming negative (thrust) with flaps deflected 
(26°) at lower free-stream dynamic pressures, and a 
slight decrease in drag becoming negative with flaps 
deflected. 

3. Lateral-directional interactions, which in- 
clude asymmetries in yawing moment, rolling mo- 
ment, and side force, are experienced in many cases. 
An apparent flow- attachment asymmetry may cre- 
ate potential stability and control problems, although 
these are reduced with the flaps deflected (26°). 

4. This thrust reverser on a fighter type con- 
figuration could be capable of reducing the landing 
ground roll so that it would be on the order of the 
length of the takeoff ground run, even under adverse 
runway conditions where braking effectiveness would 
be decreased (for wet runway) or negligible (for icy 
runway) . 


NASA Langley Research Center 
Hampton, VA 23665-5225 
August 10, 1988 
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Appendix 

Prediction of Landing Ground Roll 

Landing ground roll can be predicted from the wind-tunnel results. In cases wherein the 
forces acting on the aircraft can be considered uniform, a closed-form approximation yields 
an accurate solution (ref. 8). However, many other cases exist wherein such an approximation 
is not sufficient. If detailed data, such as those from a wind tunnel, are available, an accurate 
prediction may still be made. 

The known boundary conditions are the initial touchdown velocity Vj and the final velocity 
Vf (which is usually close to zero). What is then needed is the rate of change of the velocity, 
or deceleration, during the landing roll-out as a function of distance: 



F = ma 

(1) 

and 

Then, after multiplication by V, 

II 

MS 

(2) 


V F -v^ - ld{y2) 
m dt 2 dt 

(3) 

If equation (3) is considered over a finite but short period of time, then 


and thus, 

F Ax _ 1 A(V 2 ) 
m At 2 At 

(4) 


Ax=\jA(V 2 ) 

(5) 


In order to calculate the landing- ground-roll distance Xg, it is necessary to sum small 
increments Ax such that V ^ and F can be treated as continuous and linear during the 
interval. A mean value of each can then be obtained for the interval and an approximation 
for the landing ground roll can be determined; thus, 


which may also be written as 


w n y2 

TYl r-^ v j 

tg ** 7 Tj 

j=l 3 


n 1/2 ( t /2 

, V - 3 — a±l 

? 2 h F * +Fj+i 


( 6 ) 

(7) 


where jT = 1 corresponds to V = Vj and j = ti corresponds to V — Vf . The acceleration a at 
any instant can be computed by 


a = 


Net forces in X-direction 
m 


( 8 ) 


There are three major forces acting on the aircraft: aerodynamic drag, friction from the 
tires and brakes, and drag from auxiliary devices including thrust reversers, drag chutes, 
and arresting wires. If the net drag is measured (scaled from the model test), then only the 
braking effectiveness is left to be calculated. Braking force (in the X- direction) is usually 
expressed as: 
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F x = hFn ( 9 ) 

where fi is the braking coefficient and Fjy is the normal force acting on the wheels. Then, 

F = ( Dnet + ftF N ) (10) 

The braking coefficient fi varies nonlinearly with velocity but is relatively linear over an 
interval in which a is linear, and it can therefore be averaged over each increment. The total 
net normal force net is the weight of the aircraft less any lift (or plus lift if it is a down 
load): 


Then, 


F N ,net=W-L 

F=[D Jiet + f i(W-L)} 


(id 

( 12 ) 


Combining the terms and using coefficient notation for drag ( D = CjyqS) and lift 
(L — Cj^qS) yields 


V? + V? , 

V J ^ V J + 1 


2 ££ [C D qS + n(mg - C^S)^ + [ C D qS + ft(mg - C L qS)] j+1 


( 13 ) 


where j = 1 corresponds to V = Vi, j = n corresponds to V ~ Vf, and 

W = mg J 


( 14 ) 


With the aid of a computer, many small intervals can be calculated to obtain an accurate 
numerical solution. 

This summation approximation must take intervals small enough so that all the forces 
and moments acting on the aircraft may be treated as being continuous and linear over 
the interval. It is also necessary to have fairly detailed aerodynamic data, including the 
interaction of the thrust reverser with the aircraft. The aerodynamic characteristics that 
most affect the landing performance are drag and lift. Pitching moment can affect the 
normal force on the main landing gear, and since the main wheels are normally the only ones 
with brakes, C m can change the ultimate braking effectiveness, but this change is usually 
insignificant. Many other factors also affect the ground roll. The touchdown velocity (based 
on wing load and approach lift coefficient) is of paramount importance, since it determines 
the initial landing velocity. The runway condition (dry, wet, or icy) affects the braking 
coefficient and therefore the braking effectiveness. Inertia and mechanical actuation time 
cause unavoidable delays in the thrust-reverser deployment, while reingestion and foreign- 
object damage make it impractical to operate the thrust reverser below some specified 
minimum velocity (typically well above the taxi speed of these aircraft). In order to get 
the maximum possible benefit from the thrust reverser, reverse thrust should be maintained 
for as long as possible; power may be reduced or the mechanism may be scheduled to provide 
only partial reverse thrust to avoid reingestion and foreign-object damage at low speeds. 
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Table I. Basic Model Geometry 


Body: 

Length, in 

Width, in 

Wing: 

A 

5, ft 2 

6, in 

c, in 

c at root, in 

c at tip, in 

Leading-edge sweep, deg 
Trailing-edge sweep, deg 
Moment center (F.S.), in. 

Airfoil: 

Section 

t/c at root 

t/c at tip 

Twist at tip, deg .... 

Wing flaps: 

6, in 

c (inboard, B.L. 7.0), in. 
c (outboard, B.L. 19.68), in 
Hinge line 

Nacelle: 

Length, in 

Width, in 

Nozzle exit: 

Width, in 

Height, in 

F.S., in 

B.L., in 

W.L., in 

Canard: 

A (exposed) 

5 (exposed), ft 2 .... 
6/2 (exposed), in. ... 
c at root (B.L. 3.6), in. 
c at tip, in 

Canard airfoil: 

Section root 

Section tip 

t/c at root 

t/c at tip 

Twist, deg 


91.20 

7.20 


2.79 

5.73 

48.0 

19.11 

27.86 

6.52 

50 

27.86 

80.53 


6 percent aft cambered 

0.06 

0.06 

-6 


. 6.34 
. 5.61 
. 2.88 
0.726c 


24.56 

3.9 


. 2.57 
. 0.74 
101.79 
. 5.04 
. 8.26 


2.76 

1.01 

10.04 

11.71 

2.82 


NACA 65A004 (modified) 
NACA 65A003 (modified) 

0.04 

0.03 

0 
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Table III. Static Forces and Moments Out of Ground Effect 
[a = 0°; (3 = 0°; goo = 0 psfj 

(a) 6 f = 0° 


f n , lbf 

f a , lbf 

Fy , lbf 

My, in-lbf 

Mj£, in-lbf 

A c = -45° 

0.057373 

0.14802 

-1.9993 

-1.0492 

-1.9932 

-.80834 

17.013 

-.69958 

-26.036 

2.3230 

-1.5236 

38.715 

-1.7661 

-67.820 

21.690 

-2.1892 

57.191 

-3.0521 

-90.616 

46.350 

-1.7456 

76.144 

-5.2088 

-133.09 

81.908 

-3.2746 

93.858 

-7.4118 

-153.94 

102.67 

-1.8794 

47.118 

-3.4912 

-64.202 

47.492 

-.028396 

.20757 

-.39460 

-.70884 

-5.4187 


0.093060 

11.105 

-0.46024 

3.1215 

12.630 

-.87239 

26.728 

-1.5202 

-19.495 

34.832 

-2.2164 

39.539 

-3.5134 

-27.254 

62.700 

-2.1409 

51.609 

-5.2861 

-30.924 

88.645 

-.45552 

65.308 

-7.5781 

-97.340 

122.25 

-1.5148 

34.603 

-3.6378 

-9.2669 

62.279 

.11827 

-.52040 

.34022 

5.5603 

3.4104 


\ c = o° 


1.1759 

0.36780 

-1.8003 

34.806 

-4.6385 

.29311 

.79412 

-3.1823 

63.347 

11.045 

-.018311 

1.2311 

-5.3227 

82.261 

28.633 

-.36795 

2.3334 

-7.5193 

125.22 

56.917 

.81176 

3.8981 

-9.7502 

133.06 

73.339 

.16277 

1.3361 

-5.4073 

84.594 

29.659 

-.31421 

.46021 

-.81232 

-8.6191 

-16.911 


2.3348 

8.0238 

12.181 

19.903 

31.073 

14.544 

-2.2958 


4.9409 

14.040 

20.282 

31.514 

40.079 

24.115 

-.080594 



Table III. Cc 
[a = 0° ; /? = 0°; 


(b) 6 f = 26 


NPR 

F N , lbf 

Fa, lbf 

Fy, lbf 

A c = -45’ 

1.0000 

0.57933 

-0.063583 

0.15124 

1.1176 

-1.0291 

14.931 

-.51859 

2.1984 

-3.6059 

37.735 

-2.5542 

3.3190 

-4.2856 

55.791 

-4.1955 

4.4435 

-5.1594 

74.258 

-6.6511 

5.5303 

-7.3268 

91.140 

-8.2883 

2.7511 

-3.5620 

46.296 

-3.2434 

1.0000 

-.15916 

-.30356 

.32756 

Ac = -30 

1.0000 

-0.99806 

-0.10064 

0.32392 

1.0925 

-1.8610 

10.216 

-1.0448 

2.3871 

-3.7883 

28.208 

-3.0008 

3.3388 

-4.6394 

39.283 

-4.5246 

4.2869 

-6.3720 

49.736 

-6.5835 

4.5131 

-7.4604 

52.393 

-7.0728 

5.5165 

-7.8282 

63.832 

-9.0363 

2.8637 

-5.9856 

33.889 

-4.4213 

1.0000 

-1.1808 

-.45330 

.20714 

Ac =0° 

1.0000 

-0.24067 

0.093829 

-0.095262 

1.1419 

-1.2915 

-.15891 

-1.4585 

2.2748 

-1.4623 

-.32783 

-3.0817 

3.2845 

-3.5729 

.041899 

-4.7256 

4.4349 

-4.5160 

.24298 

-6.2409 

5.6843 

-3.8645 

.33329 

-8.5659 

2.7088 

-2.5607 

-.17818 

-3.6597 

1.0000 

.17178 

-.19587 

-.21122 


f 

I 


= 0 psf] 
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Langley 14- by 22-Foot Subsonic Tunnel 



Wing reference 
F.S. 69.09 
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(b) Geometry. All dimensions are in inches. 
Figure 1. Concluded. 








(a) Wind-tunnel model. 

Figure 2. Cascade nozzles installed on wing-canard fighter model. 


ORIGINAL PAUL SS 

Of POOR QUALfTY 





Basic cascade nozzle 



(b) Geometry. 
Figure 2. Concluded. 
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(a) Model of configuration. 

Figure 3. Conceptual configuration with high-lift blown canard. 




BASELINE AIRCRAFT WITH HIGH-LIFT 
BLOWN CANARD 



Figure 4. Buildup of longitudinal aerodynamics of conceptual configuration. 
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(f) Concluded. 
Figure 6. Continued. 
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(c) A c = —45°; NPR = 3.0; ^ = 0°. 
Figure 7. Continued. 
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(i) Concluded. 
Figure 7. Continued. 
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(k) Concluded. 
Figure 7. Continued. 
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Figure 8. Continued. 
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(h) A c = 0°; NPR = 3.0; 6 f = 0°. 
Figure 8. Continued. 
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(h) Concluded. 
Figure 8. Continu 
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Figure 8. Continued. 
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Figure 8. Concluded. 
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